A new wear testing system, which carries out toothbrush wear and simulated occlusal wear tests alternately, was developed. Differences in wear behavior among three modes of wears, combined wear, toothbrush wear and simulated occlusal wear, were investigated using polymethylmethacrylate (PMMA) and two commercial resin composites (Z100, APX). The area of the material loss after each test was measured on the worn surfaces to evaluate the different modes of wears.
On PMMA and Z100, the toothbrush wear corresponded to the combined wear, suggesting that toothbrush wear was dominant in the combined wear for these materials. On the other hand, the occlusal wear was dominant corresponding to the combined wear on APX. Both the simulated occlusal wear and toothbrush wear tests are essential to evaluate the wear behavior of restorative materials, and the combined wear test is effective to analyze the wear behavior of restorative materials under different wear processes which consist of toothbrush wear and simulated occlusal wear.
INTRODUCTION
Wear resistance is one of the most important properties for choosing dental restorative materials.
The wear properties of restorative materials are very complicated because the wear behaviors are affected by a variety of factors. On the basis of the observations of worn surfaces of composite restorations in the mouth for three to eight years, O'Brien1) classified five possible mechanisms of clinical wear, which were wear of polymer matrix, loss of filler by failure of its bond with the matrix, shear of filler particle, cohesive failure through matrix, and exposure of air bubbles. Many researchers have tried to evaluate wear properties of the restorative materials using several testing methods2-7).
However, these methods measure a part of wear behaviors because wear is an intricate phenomenon. The International Organization for Standardization (ISO) has published two technical specifications dealing with the standard test method to evaluate the wear resistance of dental materials8,9). One of these specifications9) notes that it might be possible to predict the complete clinical wear using a number of different test methods. In addition to this specification, Mair et al.10) reported that wear consists of four essential processes, which are abrasion, adhesive effect, fatigue and corrosive effect. as the resin composite specimen. Fig. 2 shows a newly developed testing system for the combined wear. The combined wear testing system consists of two parts; one for simulated occlusal wear (Fig. 3) and the other for toothbrush wear (Fig. 4) 
RESULTS
Fig . 5 shows the typical profiles of the worn surfaces of the PMMA specimens. Different patterns in the profile were observed between the toothbrush wear and the simulated occlusal wear. PMMA specimens lost more material in the toothbrush wear, while there was a little loss of material in the simulated occlusal wear. The profile of the worn surface in the combined wear was similar to that in the toothbrush wear. Table 3 shows the area of the material loss on PMMA specimens. The area of the material loss on the PMMA differed significantly among the wear tests (p<0.0001). Tukey's multiple comparison suggested that the area was significantly different between the simulated occlusal wear test and the other tests (p<0.05), but there was no significant difference between the combined wear test and the toothbrush wear test (p>0.05). Fig. 6 shows the profiles of worn surfaces of the Z100 specimens. The profiles of the worn surface were different among three wear tests. Table 3 shows the area of the material loss on Z100 specimens. The area of the material loss on Z100 differed significantly among the wear tests (p<0.005).
Tukey's multiple comparison suggested that the area of the material loss on Z100 was significantly different between the simulated occlusal wear test and the other tests (p<0.05), but no significant difference in the material loss was observed between the combined wear test and the Table 3 The section area of the material loss after the wear test, S/mm2 Fig. 6 Profile of worn surfaces of the Z100 specimen.
toothbrush wear test (p>0.05). Fig. 7 shows the profiles of worn surfaces of the APX specimens. Different patterns in the profile were observed among the wear tests. Table 3 shows the area of the material loss on APX specimens. The area of the material loss on APX in the toothbrush wear test was significantly lower than those in the simulated occlusal wear and combined wear tests (p<0.05). No significant difference in the area of the material loss was found between the simulated occlusal wear and combined wear tests.
The means of the area of the material loss among three different materials were compared using at test and Welch's test, because there was a significant difference in the variance of the data among different materials.
In the toothbrush wear test, significant differences in the area of the material loss were found among three materials (p<0.05).
The material loss of PMMA in the toothbrush wear was markedly larger in comparison with resin composites.
The toothbrush wear of APX was significantly smaller than that of Z100 (p<0.05).
In the simulated occlusal wear test, there was no significant difference in the area of material loss among three materials (p>0.05).
Significant differences in the area of material loss among PMMA, Z100 and APX were found in the combined wear test (p<0.05).
In addition to the toothbrush wear test, the highest material loss in the combined wear test was observed on PMMA, and the lowest was on APX. Fig. 8 shows SEM images of worn surfaces of two composites after the toothbrush wear test. SEM images showed relatively large filler particles on APX in comparison to Z100. Fig. 9 shows SEM images of worn surfaces after the simulated occlusal wear test. The SEM images after the simulated occlusal wear test were significantly different from those after the toothbrush wear test. The surfaces had streaks which could be induced by the sliding of the antagonist on both resin composites. Fig. 10 shows SEM images of worn surfaces after the combined wear test. Although the specimens were exposed to the simulated occlusal wear, the streaks were unclear on the surfaces after the combined wear test. 
DISCUSSION
In this study, the toothbrush wear test showed different wear behaviors among three materials.
A large material loss was observed in the toothbrush wear for PMMA and one resin composite.
The toothbrush wear was performed with a reference abrasive slurry, which has a special composition of toothpaste for the abrasive test specified in ISO12). This means that the toothbrush wear is induced by the abrasion process due to abrasive particles such as calcium diphosphate. The toothbrush wear test showed a significant difference in the material loss between PMMA and resin composites, which suggests that the filler in the composites resisted to the abrasive wear.
The abrasive particles in the reference slurry ground down resin matrix, and then filler particles were removed from the matrix as reported in the past studies13,14). A significant difference in the abrasive wear was found between Z100 and APX.
The profiles of the worn surfaces (Figs. 6 and 7) and SEM images (Fig. 8 ) suggest that Z100 loses both matrix resin and filler in the toothbrush wear, while APX loses mainly a matrix resin.
This may be due to the difference in the size of the filler particles between these two materials as shown in Fig. 8 . In addition to the size of the filler particles, that of the abrasive particles could affect the abrasive wear of materials.
Not only the filler size but also the content of the filler might also affect the abrasive wear of resin composites as reported in the previously14). During mastication, the cusps of posterior teeth slide on the occlusal planes within 2mm distance15) and the occlusal surfaces involving the restorations are exposed to both repeated shear and compressive forces, This process could result in the fatigue and cohesiveness of the surface layer of the restoration and probably the failure of the restorative material. This means that the mechanism of the occlusal wear is quite different from that of the toothbrush wear, which induces a different wear pattern including the surface topography and the material loss.
The results of the present study, which are shown by the surface profiles, the material loss and the SEM pictures (Table 1 , Figs. 5-7 and Fig. 9 ), clearly show the aforementioned differences.
The streaks on the worn surfaces shown in Fig. 9 suggest that the occlusal wear in the present study would involve either the friction due to the sliding of the antagonist on the specimen surface or abrasion due to the tiny pieces rasped from the surface. Therefore, the occlusal wear test in the present study may consist of fatigue, cohesive and abrasive wear, although this test was designed to minimize the abrasive wear. In the oral environment, especially, on the occlusal planes of a restoration, the rasped materials would remain on the surface and may work as abrasive pieces. Thus, the combination of fatigue, cohesive and abrasive wear is probably appropriate to predict the occlusal wear. In this aspect, the test method in the present study could properly reflect the practical condition in the oral environment.
The antagonist, however, needs to be modified since its hardness is lower than that of enamel and the force was applied through a flat plane.
In the present study, no significant difference in the area of material loss among PMMA, Z100 and APX was found in the simulated occlusal wear test. This result may be related to the low hardness and flat surface of the antagonist used in this study.
In some studies16-18, it has been shown that the material of an antagonist influences the wear behavior.
A further study is now being conducted to investigate the effects of the material and configuration of the antagonist. In the combined wear test, significant differences in the area of the material loss were found among PMMA, Z100
and APX. In the case of PMMA and Z100, the material loss in the combined wear test was larger than that in the simulated occlusal wear test, and corresponded to that in the toothbrush wear test. On the other hand, in the case of APX, the material loss in the combined wear test was larger than that in the toothbrush wear test and corresponded to that in the simulated occlusal wear test.
These results suggest that the combined wear is represented by the dominant wear which is the toothbrush wear for PMMA and Z100, and the simulated occlusal wear for APX.
Since the dominant wear varies with the type of material, even in composites, both toothbrush wear and occlusal wear tests are essential to evaluate the wear of restorative materials. The combined wear test was carried out using 12,000 cycles of the toothbrush wear and 12,000 cycles of the simulated occlusal wear.
These cycles were identical to those used in each independent wear test. It can be assumed that the material loss in the combined wear test could be at least the sum of the material losses obtained from the toothbrush and simulated occlusal wear tests. In the present study, however, no significant difference in the material loss was observed between the combined wear and the dominant wear. For Z100 and PMMA, this may be due to a big difference in the material loss between the toothbrush wear and the simulated occlusal wear, and thus the combined wear would have failed to reflect non-dominant wear. For the result of APX in the combined wear test, another reason could be considered since the difference in the material loss between the toothbrush wear and the simulated occlusal wear was not as large as those for PMMA and Z100. In the combined wear test, the toothbrush wear test and the simulated occlusal wear test were alternately repeated. In the simulated occlusal wear test, the profile and SEM image of the APX surface (Figs. 7 and 9) suggest that small concavities or narrow grooves are produced on the surface. In the toothbrush wear test after the simulated occlusal wear test, it is very likely that the abrasive particles in the reference slurry remain in the concavities or grooves without inducing the abrasion process since the filaments of the toothbrush hardly penetrate the concavities. According to the previous study on the cleaning effect of a toothbrush19), the filaments of the toothbrush failed to penetrate into a small concavity in the interproximal area due to the deflection of the filaments. This phenomenon could also be induced on the surface in the toothbrush wear test after the simulated wear test, resulting in very low material loss by the abrasion process. Thus, the effect of the tooth brush wear would be very small in the combined wear test, and consequently the material loss in this wear test could be similar to that in the occlusal wear test. In the combined wear test, the reciprocating motions of the antagonist and the toothbrush are parallel, which would also decrease the effect of the abrasion process. A further study should be carried out under different reciprocating directions of the antagonist and the toothbrush.
In the combined wear test, the toothbrush wear and the simulated wear tests were alternately repeated 24 times after 500 cycles of each wear. If these tests are carried out without 24 alterations, and the specimen is exposed to 12,000 cycles of the toothbrush wear and 12,000 cycles of the occlusal wear, individually, different results would be obtained.
This type of test condition, however, is not practical since the toothbrush wear and occlusal wear are alternately repeated in the oral environment. As suggested in the results of the material loss, the combined wear was not simply the sum of the toothbrush wear and the simulated wear. From these aspects the combined wear test in the present study is effective to analyze the wear behavior of restorative materials under different wear processes which are toothbrush wear and simulated occlusal wear.
CONCLUSIONS
A new wear testing system, which carries out toothbrush wear and simulated occlusal wear tests alternately, was developed.
Using this system, differences in wear behavior among three modes of wear, combined wear, toothbrush wear and simulated occlusal wear, were investigated on PMMA and two commercial resin composites (Z100 and APX).
The area of the material loss after each test was measured on the worn surfaces 
